A constituent based nonlinear viscoelastic (VE) model was modified from a previous study (Vena, et al., 2006, "A Constituent-Based strong tension-compression asymmetry �8,9�. AC tissue is likely to experience finite, multidimensional strains when subject to Articular cartilage �AC� covers the ends of articulating bones in typical loads in vivo �10,11�. These observations suggest the need synovial joints and functions to transmit loads during joint motion for finite deformation �i.e., nonlinear� anisotropic stress constitu with minimal friction. Approximately 60-80% of AC wet weight tive equations. �WW� is interstitial fluid �1� and the remaining weight is a porous Furthermore, an AC generally exhibits both fluid flowsolid matrix �SM� composed of glycosaminoglycans �GAGs�, coldependent and flow-independent �i.e., intrinsic� viscoelastic �VE� lagens �COLs�, and other noncollagenous proteins �2�. GAGs probehavior �12-17�. With regard to uniaxial tension �UT� stress revide a fixed negative charge that causes the SM to swell and resist laxation, all VE models have a relaxation response that can be compressive loads and a predominantly type II COL crosslinked network resists tensile and shear loads �3�.
suggesting one mechanism that causes nonlinear VE behavior. The first objective of this study was to modify the model in Ref.
�23� to incorporate, and thereby allow study of, AC viscoelasticity.
Previous studies suggested that VE parameters may change fol lowing GAG depletion for AC �24-29� and other biological tis sues such as lung tissue �30�, temporomandibular joint disk tissue �31�, tendon tissue �32�, and mitral valve tissue �33�. While most GAG depletion studies with AC involved the use of mature tissue, a recent study �29� suggested that GAG-COL interactions regulate tissue VE properties in a manner dependent on the tissue's matu rational stage. In order to illustrate how a constituent based VE model may be used to improve delineation of AC structurefunction relations in tissue growth and remodeling, the second objective of this study was to quantify the VE response for control and GAG depleted immature �i.e., newborn� bovine AC tested in UT. Including the comparison of the results with other studies with more mature AC tissue, this objective serves as a first step toward developing a better understanding of how AC remodels during developmental growth to modulate tissue VE properties.
In UT, the effects of flow-dependent viscoelasticity and intrin sic GAG viscoelasticity may be neglected as suggested in several previous studies �22, 34-37� 3 . Consequently, the use of such a simplified model with UT experiments facilitates the investigation of several GAG-COL interactions on both tissue and COL VE properties. Here, indirect GAG interactions are defined as those that result from a reduction in GAG swelling pressure and a re sultant elastic relaxation of the prestressed COL network arising from a GAG-COL stress balance, and direct GAG interactions are defined as those that arise due to both covalent and noncovalent molecular interactions between GAGs and the COL network.
The specific aims are �1� to develop a constituent based nonlin ear VE model specific to AC, �2� to perform UT stress relaxation experiments for both fresh and GAG depleted immature AC speci mens, and �3� to quantify both experimental tissue and intrinsic COL VE parameters and assess whether significant changes occur due to GAG depletion and if correlations with GAG and COL contents exist.
Methods

Theory
Preliminaries.
In this work, the AC SM is assumed to occupy a reference configuration � 0 at time t 0 and a configuration � at time t, such that � 0 and � represent equilibrium and nonequi librium states, respectively. The right Cauchy-Green deformation tensor C is
where F is the deformation gradient tensor and T the transpose operator. The elastic second Piola-Kirchhoff stress S is derived from a strain energy function W as �W S = 2 �2� �C and is related to Cauchy stress T or first Piola-Kirchhoff stress P using
where the Jacobian J is the determinant of F, i.e., J = det�F�.
Stress Balance Hypothesis and Elastic Constitutive Laws.
A GAG-COL stress balance is assumed such that SM stress S is the sum of the GAG �S GAG � and COL �S COL � stresses at every time t, The GAG and COL constituents are allowed to have distinct reference configurations, � 0 COL �Fig. 1�. Each constitu-GAG and � 0 COL GAG and F 0 map it to the SM reference configuration � 0 . The SM occupies a stress-free equilibrium reference configuration at time t = 0, i.e., S�0� = e S�0� = 0. However, the GAG isotropic swelling stress model does not have a stress-free configuration. Here, the GAG constituent has the same configuration in � 0 ent is then prescribed an initial deformation, F 0 , to GAG and � 0 , which is GAG e S GAG �0� =−� 1 I. equivalent to F 0 = I and from Eq. �A1� 5 To balance this swelling stress, the COL network must support a tensile prestress produced by an initial COL deformation gradient COL tensor F 0 , which yields the initial collagen stress tensor, e S COL �0� = � 1 I. F 0 COL can be determined from Eqs. �A3� and �A7�. After a deformation F is applied, the constituent stresses are cal culated relative to their respective reference configurations using
2.1.3 Constituent Based Viscoelasticity. To implement con stituent based viscoelasticity, the method of Ref. �23� for each constituent stress in Eq. �4� is implemented as 6 5 Equation numbers preceded by "A" and "B" refer to those in Appendices A and B.
6 VE models usually include a term for strain rate �i.e., dE / dt� inside the convo lution integral to account for the dependence on strain rate. As stress is proportional to strain, the dependence on strain rate can also be achieved with a stress rate term dS / dt �23�.
2 Stress response to a step increase in strain and, con sequently, a step increase in elastic stress � e S at time t step > 0 with initial equilibrium elastic stress e S"0…
Two different relaxation functions, G GAG and G
COL
, allow each constituent to have its own VE behavior. The relaxation functions are evaluated as a Prony series of exponential terms �20,23�
where � i and g i are called constituent time constants and amplifi cation coefficients, respectively.
Stress Response to a
Step Increase in Strain. In this study, � i and g i are assumed strain independent to represent qua silinear constituent viscoelasticity. However, the constituent based VE model renders nonlinear tissue viscoelasticity with straindependent tissue time constant and relaxation ratios, as derived below for a step increase in strain. To simplify the derivation, only the stress S for uniaxial loading with a single constituent will be considered, thus Eq. �6� reduces to
Consider the stress response to a step increase in strain and, con sequently, a step increase in elastic stress � e S at time t step � 0 with initial equilibrium elastic stress e S�0� �Fig. 2�. For this special case, the following equation for the stress at t � t step is obtained in Appendix B:
2.1.5 Relation Between Tissue and Constituent Time Constants. The tissue time constant � is defined as the amount of time t it takes for the tissue stress to relax by 63.2% from its peak value S�t step � following a step increase in strain and can be calcu lated from
where the equilibrium stress is 7 Note that as t → �, S�t� is the equilibrium �elastic� stress e S�0� + � e S.
The peak stress is obtained upon evaluating Eq. �9� at t = t step for each constituent
Using Eqs. �11� and �12� in Eq. �10� yields
�13�
Evaluating Eq. �9� at t = � for each constituent and using Eq. �11� one obtains
Equating Eqs. �13� and �14� allows the calculation of � from
For a single constituent Eq. �15� reduces to n n
which reveals that when the relaxation function parameters are constants, � is strain independent, a characteristic of quasilinear viscoelasticity. Conversely, for constituent based viscoelasticity Eq. �15� reveals that � depends on the applied UT strain �because of the dependence on stress in Eq. �15�� a characteristic of non linear viscoelasticity.
Relation Between Tissue and Constituent Relaxation Ratios.
The relaxation ratio R is defined as equilibrium stress di vided by peak stress 
�0�
, are nonzero in a SM stress-free reference configuration; �2� the first term in the relaxation functions equals 1 instead of a variable g � so that the equilibrium elastic stress is obtained as t → �; and �3� the incompressibility assumption is not used. These modifications result in a slightly different time discretization scheme summarized here.
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To simplify the final result, a recursive expression for timedependent matrices c i �t� and a scalar c COL specific to COL are defined as
The time discretization procedure used to calculate S COL �t + �t� after a time increment �t is
An analogous expression may be obtained for the GAG constitu ent.
A Model for UT and Aggregate COL VE Parameters.
For UT analysis, GAG viscoelasticity is neglected upon assuming that the AC UT VE response is dominated by intrinsic COL viscoelasticity. 10 The UT model is obtained by setting all GAG relaxation parameters g i GAG equal to zero. As seen below, a differ ent number of Prony series terms for the COL relaxation function are needed for different experimental groups, thus, it is not pos sible to investigate significant differences for g i COL be-COL and � i 8 Note that relative to a zero stress-zero strain configuration, R defined by Eq. �19� is strain independent, which is also a characteristic of quasilinear viscoelasticity. 9 The derivation is nearly identical to that in Ref. For the UT model, the amount of time t = � COL A it takes to relax by 63.2% can be calculated from Eq. �15�, which reduces upon neglecting intrinsic GAG VE to
where � A COL is defined as the aggregate COL time constant. The relaxation ratio R from Eq. �16� reduces upon neglecting intrinsic GAG VE and using a SM stress free reference configuration to
suggesting a definition for an aggregate COL relaxation ratio COL 11
Recall that, relative to a stress-and strain-free configuration, the time constant and relaxation ratio depend on the applied UT strain for a nonlinear VE material but do not depend on the applied UT strain for a quasilinear VE material. Thus, for the UT model, Eqs. �24� and �23� reveal that the relaxation ratio, but not the time constant, depends on the applied UT strain. Consequently, this model falls somewhere between nonlinear and quasilinear vis coelasticity.
Experiments.
From an earlier study �41�, the UT stress relaxation response was measured on groups of adjacent paired AC explants having 0%, �55%, and �85% GAG depletion. Newborn �1-3 week old� bovine AC patellofemoral groove ex plants were harvested from �0.6 mm below the AC surface and sliced to a thickness of �0.25 mm. Twelve explants were har vested corresponding to four specimens per group. The control group �no GAG depletion, i.e., GD-0� did not receive enzyme treatment. The explants for the �85% GAG extraction group �GD-85� were rinsed in guanidine HCl �Gnd� to remove �85% GAG mass. The explants for the �55% GAG extraction group �GD-55� were rinsed in Gnd to remove �85% GAG mass and then soaked in a solution of Gnd saturated with cartilage extract to replete GAG mass to �45% of the average GD-0 GAG mass.
Explants were punched into tapered tensile specimens �length �4 mm and cross-sectional gauge area of �0.25� 0.8 mm 2 � and oriented such that the direction of uniaxial loading was along the anterior-posterior direction, approximately perpendicular to the split-line direction �42�. The thickness of each tensile specimen was measured at three locations in the gauge region and averaged
and Eq. �3� was used to obtain �Eq. group values. Consequently, the effects of GAG depletion on COL for cross-sectional area calculations. The specimens were loaded into a testing fixture, pulled to a tare-load of 0.05 N �equivalent to a stress of �0.2 MPa�, allowed to relax, and then pulled to 10% strain under displacement control over a 40 s ramp. Displacement was held at 10% strain during a 900 s stress relaxation period. The measured load and displacement were converted to first PiolaKirchhoff stress �load/original cross-sectional area� and strain �elongation/initial clamp to clamp distance�. Each tensile specimen and residual tissue obtained during preparation were saved for biochemical analysis. Samples were solubilized with proteinase K �43� and analyzed to quantify con tent of sulfated GAG �44� and hydroxyproline �45�. Hydroxypro line content was converted to COL content by assuming a mass ratio of COL/ hydroxyproline= 7.25 for bovine cartilage �46,47�. Biochemical parameters were normalized to tissue wet weight to represent constituent content.
Parameter Estimation
Experimental Tissue VE Parameters.
Experimental stress data were used to calculate experimental tissue VE param eters that are independent of the proposed VE model. Equilibrium stress was defined as the stress at the end of the relaxation phase. Experimental Young's modulus E exp was defined as equilibrium stress divided by applied strain �0.10�. The experimental time con stant � exp was defined as the amount of time it takes for the stress to relax by 63.2% from the peak stress that occurs at the end of the ramp phase. The experimental relaxation ratio R exp was de fined as equilibrium stress/peak stress.
Elastic Material Properties.
Experimental stress and biochemical data were used to calculate elastic GAG-COL param eters in elastic constitutive equations using MATLAB. GAG ma terial constants � 1 and � 2 Eq. �A1� were calculated using an ex tended two compartment �i.e., extra-and intrafibrillar water� swelling stress model for AC GAGs developed by Basser et al. �38� and extended by Klisch and co-workers �5,39�. For each specimen, biochemical mass measurements were used to calculate GAG swelling stress �normalized to extrafibrillar water area�, which is then converted to GAG Cauchy stress �normalized to tissue area�. It was assumed that one set of parameters is a valid description for the GAG stress-density relations for each group, therefore, the four specimens for each group were pooled together T GAG to curve fit the theoretical GAG Cauchy stress, = −� 1 �� GAG � � 2 I to yield parameters � 1 was calculated using � 1 � 1 and � 2 . The parameter � 1 were coded in MATLAB to solve the UT boundary-value problem with traction free boundary conditions on the free surfaces using first Piola-Kirchhoff stress. For each specimen, an iterative opti mization procedure was implemented to determine COL VE pa- �. However, the solution did depend on initial guesses for the GD-85 group. Consequently, for GD-85 specimens one term in the Prony series for the COL relaxation function was used.
12 After optimization, the aggregate time con stant � A COL were calculated using Eqs. COL and relaxation ratio R A �23� and �25�, respectively.
Parameter Studies.
A parameter study was conducted in order to differentiate between effects of the different GAG-COL interaction mechanisms on the tissue VE response. The MATLAB code was modified to obtain the UT boundary-value problem so lution using first Piola-Kirchhoff stress and averaged values of the elastic and viscous parameters for the GD-0 group to identify a baseline case. Additional solutions were obtained to model pro gressive changes to the GD-0 VE properties due to treatment. First, the effect of an altered GAG-COL stress balance due to reduced GAG content on tissue VE properties were isolated: Av eraged GAG elastic parameters �� 1 , � 2 � were adjusted to the GD-55 and GD-85 values while the COL VE parameters were kept equal to the GD-0 values. Second, the incremental effect of direct GAG interactions on COL elasticity was isolated: In addi tion to � 1 and � 2 , averaged COL elastic parameters �� 1 � were adjusted to the GD-55 and GD-85 values while the COL viscous parameters were kept equal to the GD-0 values. Third, the incre mental effect of direct GAG interactions on COL viscous proper ties was isolated: In addition to � 1 , � 2 , and � 1 , the COL viscous COL COL parameters � 1 , g 1 COL , and g 2 , � 2 COL were adjusted resulting in simulations using averaged values for all elastic and viscous pa rameters for the GD-55 and GD-85 groups. �, and COL elastic param eter �� 1 � were assessed using analysis of variance �ANOVA� with posthoc Tukey testing. Since a lesser number of COL viscous parameters were needed to obtain unique solutions for the GD-85 group, they were not directly compared with the GD-0 and GD-55
Statistical
�A1��.
Due to a lack of comprehensive data, the COL elastic param eters ��, � +12 , � +13 , and � +23 � were held constant among all COL COL viscous parameters � 1 , g 1 , � COL 2 , and g 2 COL were compared specimens. In this model, � corresponds to the tissue shear modu using paired t-tests for the GD-0 and GD-55 groups only. Corre lations between all VE parameters with GAG and COL contents were investigated using linear regression with a t-test analysis of lus for small strain elasticity theory and was estimated from tor sional shear data for newborn bovine AC �48� as 0. 
Results
Experimental tissue VE parameters �E exp , � exp , and R exp � inand Poisson's ratios for newborn bovine and adult human AC. The remaining elastic COL material constants were constrained by � 1 = � 2 =2� 3 = �, which produce reasonable predictions for me chanical properties of newborn bovine AC �5�. Consequently, there remains only one adjustable COL elastic parameter, � 1 , which was calculated on a specimen-specific basis. Specifically, a MATLAB code was developed that solves for the initial COL defor mation gradient tensor F 0 COL and � 1 that yields a SM stress-free reference configuration �i.e., S�0� = 0�, and matches the measured equilibrium stress at 10% strain. 
Viscous Material Properties.
After determining F 0 and � 1 , the VE time discretization procedure �Eqs. �20�-�22�� with two terms in the Prony series for the COL relaxation function creased �p � 0.01�, decreased �p � 0.001�, and increased �p � 0.001�, respectively, due to increasing GAG depletion treatment �Table 1; Fig. 3� laxation behavior �Fig. 8�. The simulations with all GAG and COL VE parameters for the GD-55 and GD-85 groups showed that COL VE parameters modulate relaxation behavior in addition 0.5 to peak and equilibrium stresses. sponse for which only the relaxation ratio is strain dependent. More specifically, the quasilinear VE relaxation ratio is strain de pendent when the initial strain is not zero but is strain independent when the initial strain is zero. That conclusion highlights one mechanism that contributes to nonlinear VE properties, i.e., the presence of multiple constituents that contribute distinct VE pa rameters. For the UT model that neglected GAG VE for the analy sis of UT experiments, it was shown that the time constant is strain independent while the relaxation ratio is strain dependent even when the initial strain is zero, in contrast to quasilinear vis coelasticity. Consequently, the UT model falls somewhere be tween quasilinear and nonlinear viscoelasticity. The results for the experimental tissue VE parameters �E Fig. 8 The parameter study results were shown to differentiate between the different mechanisms arising from GAG-COL interactions on the experimental tissue VE re sponse: absolute "top… and normalized "bottom… stress results for UT simulations with progressive changes in untreated "GD-0… group parameters due to treatment "GD-55, GD-85…; parameters used are listed in Table 1 . The stress-time curves from the first three simulations for each treatment were indistinguishable in the normalized stress plots. GAG and COL elastic parameters modulate the peak and equilibrium stresses "top… but not the relaxation behavior "bottom…. COL viscous parameters modulate peak and equi librium stresses "top… and relaxation behavior "bottom….
Refs. �24-26� than the newborn ��1 -3 weeks old� bovine AC tissue used here. This hypothesis is supported by recent results that the effects of GAG depletion on tensile properties �i.e., equi librium modulus, ramp modulus, strength, and failure strain� de pend on AC tissue maturational stage �29�.
In addition to the studies mentioned above for AC tissue tested in UT, GAG depleted tissue was tested in unconfined compression from mature �1-2 years old� bovine AC and modeled using small strain poroviscoelastiy �27�. Those results showed that VE time constants decreased due to GAG depletion, in agreement with the results of this study, and the unconfined compression elastic modulus decreased due to GAG depletion, in contrast with the results of this study. Again, this difference is likely due to the distinct maturational stages of the specimens.
Collectively, these results suggest that during maturation there exist GAG-COL interactions that provide for a highly compliant �i.e., low tensile modulus� SM. The biological significance of a highly compliant SM is a key property that underlies a mechanism for rapid volumetric expansion during developmental growth. Fur ther, GAG-COL interactions may provide a lower relaxation ratio �i.e., higher peak stress for a given equilibrium stress� and en hanced viscous properties as illustrated in Fig. 8 . As a creep analysis would reveal lower SM strains during repeated load ap plications, the biological significance of enhanced viscous proper ties may be that it is a mechanism that may protect cells against excessive matrix strains, that are know to cause cell death �49�, during repeated loading.
A novel outcome of this study was that the experimental tissue VE response with and without GAG depletion treatment was in terpreted in terms of a constituent based VE model. Although in general both GAG and COL intrinsic VE parameters may be ac tive during complex in vivo loading conditions, in this study in trinsic GAG viscoelasticity was neglected due to the assumption that the UT VE response is dominated by intrinsic COL viscoelas ticity. This assumption was invoked in previous studies �34-37� and is supported by experimental time constants and dynamic moduli measured in shear for GAG solutions �26,50,51�, which were several orders of magnitude less than time constants and dynamic moduli measured for intact AC �26,52�. Those previous results, combined with the hypothesis that shear resistance is pro vided by tensile stresses produced in the GAG inflated COL net work �53�, suggest that intrinsic GAG viscoelasticity can be ne glected in UT. Indeed, this assumption was supported by pilot GAG analyses for the current study with four VE coefficients �g 1 , GAG COL , and � 1 � 1 , g 1 COL � as unique solutions for these coefficients were not found and the best-fit solutions yielded tensile GAG stresses of �0.3 MPa, which may not be physically relevant as GAGs are thought to provide primarily compressive resistance.
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If the assumption of neglecting intrinsic GAG viscoelasticity is valid, then the results of this study suggest that GAGs interact with the COL network to affect intrinsic COL viscoelasticity as select COL VE parameters changed due to GAG depletion and were correlated with GAG content. Interestingly, the GD-0 and GD-55 specimens exhibited distinct short-and long-term relax ation regimes as evidenced by the ability of the model to find unique solutions using two Prony series terms in the COL relax ation function, whereas this distinction was not possible to detect for GD-85 specimens. The parameter studies suggest that indirect GAG interactions arising from a GAG-COL stress balance as well as direct GAG interactions on COL elastic parameters modulate the peak and equilibrium stresses while direct GAG interactions on COL viscous parameters modulate the relaxation response.
Although the elastic moduli were correlated with GAG content they were not correlated with COL content, in contrast to results in Ref. �24�. The protocols, which included two treatment groups that depleted GAGs by �55% and 85%, produced a wide range of GAG content, which made it possible to detect correlations with
GAG content with a limited number of specimens in each group. However, all groups had comparable COL content making it dif ficult to detect correlations with COL content; since positive trends existed for E exp �p = 0.19�, R exp �p = 0.13�, � 1 �p = 0.15�, and COL �p R A = 0.10� it is likely that increasing the number of speci mens would allow for the detection of correlations with COL content.
A previous study �54� suggested that although tissue VE is af fected by GAG depletion for aortic valve tissue, the mechanism for such changes is decreasing water content that accompanies GAG depletion. However, additional statistical analyses for the present study �results of which are not presented� revealed no significant correlations between any of the VE parameters and water content, suggesting that GAG-COL interactions were more prominent than water-COL interactions for the experiments per formed in this study.
In summary, a constituent based nonlinear VE model was de veloped that modified a previous model �23� and used to quantify AC tissue remodeling due to altered GAG-COL interactions. The results suggest that the GAGs interact with the COL network to affect tissue VE properties in immature AC tissue. Upon consid ering results from other studies with more mature tissue, it ap pears that GAG-COL interactions exist that may be beneficial for rapid volumetric expansion during developmental growth while protecting cells from excessive matrix strains. Furthermore, such interactions appear to diminish as the tissue matures, indicative of a remodeling response during developmental growth.
The elastic stress constitutive law is based on a bimodular polyconvex fiber-reinforced anisotropic strain energy function for AC �40� where an isotropic GAG matrix is reinforced with a COL fiber constituent. The elastic GAG stress e S GAG is based on a two compartmental �i.e., extra-and intrafibrillar water compartments� isotropic swelling stress model for AC GAGs originally proposed in Ref. �38� and used where � is a material constant and −1 denotes an inverse operator. The fiber reinforcement of the SM appears in e S BIM . In this model, there are three primary fiber directions along mutually orthogonal unit vectors E 1 , E 2 , and E 3 , which generate structural tensors
where � is the dyadic product. Also, there are two secondary fiber directions in each of the three planes created by the primary unit vectors E 1 , E 2 , and E 3 �planes 1-2, 2-3, and 1-3� along unit vec tors �E �12 , E �23 , and E �13 � defined by angles �� �12 , � �23 , and 
